ABSTRACT Large-scale photovoltaic (PV) power plants connected to the grid leads to the complex calculations in modeling and simulation of the power system, especially in the electromagnetic transient progress. Common averaging methods are studied for modeling a grid-connected converter to simplify the calculation and balance accuracy and efficiency in the simulation. The piecewise technique is applied to the generalized state space averaging model of converters, which combine time segment with similar operating characteristic. In addition, a new piecewise generalized state space averaging (P-GSSA) model is derived and a multi time scale modeling is achieved for the grid-connected converters in PV systems. The model error and accuracy of the P-GSSA model are analyzed, the physical significance and the influence factors in the model error of P-GSSA model are discussed. The proposed P-GSSA model is flexible to be used in a PVs system simulation, and it can accurately reflect the steady-state and transient characteristics of a converter. The research shows that P-GSSA model improved the simulation efficiency over 20% by the index of consumed time, meanwhile, the model error analysis is under 5%. The analysis of the P-GSSA model is verified by simulating a DC/AC converter and a photovoltaic system. 
I. INTRODUCTION
The large-scale renewable energy generation with a connection to the grid, such as photovoltaic and wind power generation, leads to the change of an operation mode of the electric power systems [1] , [2] . The dynamic characteristics of the electric power system which contains a large-scale renewable energy connected to the grid are directly influenced by the transient characteristics of power converters of renewable energy generation [3] , [4] . The transient behavior of converters is complicated, and a simulation model of converters is different for every situation because it depends on a balance of accuracy and efficiency. The present model of converters cannot be fully applied to the efficient electromagnetic transient simulation of electric power system wherein largescale renewable energy is connected to the grid [5] , [6] .
Therefore, it is very urgent to model converters that balance accuracy and efficiency of the electromagnetic transient area in the electric power systems, wherein a large-scale renewable energy is connected to the grid. An averaging technique contributes to the development of electric power systems, especially to the improvement of efficiency in a transient simulation. In [7] and [8] , the averaging technique is used in grid side converter or systems. The goal of device modeling using an averaging technique is to balance accuracy and efficiency and obtain a correct model for the corresponding situation [9] .
The dynamic phasors (DPs) [10] , circuit averaging, state space averaging (SSA) [11] and generalized state space averaging (GSSA) [12] , and other methods [13] , are the main averaging methods in the present converters modeling. In [10] , switching behavior of converters was considered in dynamic phasors in the timescale of 'ms' based on Fourier transform. The advantages of modeling and simulation of the electromechanical transient progress are obvious. The equivalent circuit model of converters that reflects the external characteristic is adopted in circuit averaging instead of the switching model. Circuit averaging is simple, easy and accurate in the modeling progress of a steady state or an external characteristic. The problem is that both DPs and circuiting averaging can hardly be used in the electromagnetic transient simulation. In [11] , the SSA equalized a state space equation on the switching period to realize the prediction function.
The averaging technique mentioned in [7] and [8] can be examples of SSA. The transient model of converters which combines the SSA with the Dommel transient arithmetic is widely acknowledged and used in the steady design and transient stability research. In [14] , a method which integrates a piecewise technique into the SSA model was proposed to consider the situation where switching behavior depends on the switching period.
In [15] , the GSSA based on Fourier transform was used in consideration of high-frequency components and harmonics. Firstly, the state variable was represented in the form of Fourier series which was obtained by frequency domain decomposition. The high-order component of Fourier series was neglected, and a proper low-order component was selected to refactor the original electrical state variables without any influence on model accuracy. The GSSA can be used in the electromagnetic transient simulation, and it can reflect the transient characteristics well. However, the order of Fourier series is solid, and simulation calculation is complex and time-consuming.
The rest of this paper is organized as follows. Section II. reviews the most common averaging method in the modeling of converters. Section III. introduces a P-GSSA method combining a piecewise technique with the GSSA and presents model verification and error analysis method corresponding to the state variable. Section IV. presents the simulation results for a PWM DC/AC converter to verify the accuracy of the P-GSSA model and compare it with the detailed model. Section V. concludes the paper.
II. AVERAGED MODELING METHOD OF POWER CONVERTERS A. STATE-SPACE AVERAGING METHOD
The state equation of converter depends on the operating mode. The State-Space Averaging (SSA) method determines a weighted average of different state equations according to the switching function. The SSA method is usually used in the converter modeling where switching function is periodical. Assuming that carrier wave is v c and modulated wave is v m , the switching function S i is obtained by comparing the instantaneous values of v c and v m as follows:
where i can take values of a, b, c representing the phasors of A, B, and C, respectively. The key of SSA method is to construct the state equation where the duty cycle is used as a weighted average index. However, the differential equation of a discontinuous system state is defined by:
where f (x) is a function of state variable x, and d(x) is an input function; f (x) and d(x) can relate to the continuous system. To ensure the uniqueness of the solution, f (x) should satisfy the Lipschiz condition: there are x, y ∈ R n , for k > 0 such that:
For a given discontinuous system of the circuit, if the state variable value x(t 0 ) at the instant t 0 is given, (2) can be rewritten as follows:
The duty cycle can be calculated according to the switch function and switch period T s by:
The duty cycle in every switching period is constant while the switch function is periodic; thus, the state variables can be replaced by an average value:
where (5)-(6) denote the SSA model. However, the SSA model depends on the weighted average of a duty cycle. The core is a nonlinear model obtained by the state average of two different linear state equations for switch-on and -off mode.
B. PIECEWISE STATE-SPACE AVERAGING METHOD
In [14] , a piecewise state-space averaging (P-SSA) method was introduced. The key of the P-SSA is to decompose a large integration step in a detailed model with reasonable step size. In this method, a weighted average of state equations is calculated for each piecewise subinterval different from the traditional averaging method where a weighted average is determined in a single state variable period (usually fundamental frequency cycle).
In the case of a nonlinear system, if we know the system initial state and variation tendency at any time, the system state at any time can be obtained by (4) . The system state space is introduced in [16] as follows:
In order to simulate the transient process accurately, it is necessary to set the integral step to be 1/10 of the switching period, or even less, while the integral step of traditional averaging modeling and simulation method can only be set as a single switching period. To solve this problem, the P-SSA method divides the simulation time L s into several piecewise subintervals to be analyzed. Assuming that each piecewise time scale is the switching period T s , in each piecewise subinterval, (7) is transformed into a piecewise averaging form as follows:
In the k th switching period, the piecewise mean state space vector is defined by:
The detailed state space equation of the converter is obtained by switching function S i :
When we substitute τ = t/T s into (10) and turn (10) with axis t scale into (11) with axis τ scale, we get:
The detailed state space equation of the converter is obtained in each piecewise time T s , and the mean state space vector is defined by:
Thus, we have:
From (12) and (13), we get the following:
A detailed model is defined by (10) , and the P-SSA model is defined by (14)- (16).
The P-SSA method is based on the SSA method; thus, it has advantages of the SSA, and it is easy to realize multi-time scale modeling using a piecewise technique. However, each piecewise subinterval is solid (usually contains 1 or 2 switching periods), so this piecewise technique has lack of a strict basis. Furthermore, the error and ripples caused by enlarging time scale should be considered in other ways [15] - [18] .
C. GENERALIZED STATE-SPACE AVERAGING METHOD
The Generalized State-Space Averaging (GSSA) method is an extension of the SSA method, which uses the state space equation to describe the switching behavior in a single switching period T s . The difference is that the SSA can hardly reflect the harmonic problems. Essentially, the SSA is equal to the GSSA that considers only the fundamental frequency wave.
The harmonics and high-frequency components of the state variables are considered in the GSSA. After the Fourier transform is applied to the state variables, the high-frequency components of the state variables can reflect the high-frequency response characteristics which have little impact on the accuracy. Therefore, the high-order components that have little influence on accuracy are usually neglected, and suitable lowfrequency components are selected to refactor the original electrical state variables in the GSSA.
If periodic variable x(t) in time domain meets the condition T 0 |x(t)| 2 dt < ∞, then x(t) can be transformed in the period (t − T , t) by: (17) where the k th Fourier series is a complex number defined by:
The k th Fourier series of x(t) can be divided into real and imaginary parts if x(t) is a real signal such that:
The properties of time derivatives of Fourier coefficients and product of two different coefficients are used in the GSSA method:
The GSSA model is constructed by real and imaginary parts of state variables if its k th Fourier series is necessary. Due to the two properties mentioned above, the GSSA model of converters is obtained by:
The GSSA model is between quasi-steady state model and detailed model [13] . Theoretically, the GSSA model can contain any high-frequency component. The most outstanding advantage of GSSA is that it can reflect both DC and AC components of variables in the circuit; thus, it can be used in large disturbances situations such as resonant converters or failure modeling of converters.
However, the GSSA model requires that state variables satisfy the Fourier transform conditions in the switching period, and switching behavior should be considered if it does not satisfy the condition. Moreover, it is difficult to choose the correct order of Fourier coefficient, and the kth is set as high as possible to ensure high accuracy, which leads to timeconsuming calculation [19] - [21] .
III. PIECEWISE GENERALIZED STATE SPACE AVERAGING METHOD A. PIECEWISE TECHNIQUE BASED ON AMPLITUDE PREDICTION
The instantaneous value of switching function S i is obtained by (1) according to the fundamentals of PWM modulation. In a DC/DC chopper, number of switches is small, and circuit topology is simple. In addition, its switching function obtained by the PWM modulation is periodic. However, switching function of a DC/AC converter obtained by the SPWM modulation does not show periodic behavior for every switching period clearly. Thus, a piecewise technique is used to research different switching periods.
As presented in Figure. 1, the switching function has ''near periodicity'' at the peak or vicinity of the sinusoidal modulated wave. The ''near periodicity'' is enhanced between peak and vicinity because the modulated wave is nearly linear between point A and point B. There are similar duty cycle and behavior in some switching periods. The basic of piecewise technique is to combine these switching periods to improve the efficiency of the electromagnetic transient modeling and simulation, which provides variable step size modeling and simulation while accuracy is ensured. 
B. PIECEWISE GENERALIZED STATE-SPACE AVERAGING METHOD
The piecewise generalized state space averaging (P-GSSA) method is proposed to solve two problems. The first problem relates to the weakness of the SSA for high-frequency components and harmonics; thus, error and ripples should be considered in other ways. The second problem relates to the complicate transient progress of converters, so, some specific behavior can be considered through reasonable piecewise technique.
The P-GSSA method combines piecewise technique and GSSA for modeling. The main principle is to use the generalized state space equations which can depict the transient behavior of converters in piecewise subinterval. The P-GSSA method is as follows.
Firstly, the simulation time L s can be divided into several subintervals as
The piecewise state equation is constructed for each subinterval T n = [t n , t n+1 ] according to (7) :
The piecewise state equation of PWM converter in three phasors is defined by:
If a variable x(t) meets the Fourier transform condition
can be transformed in T n . Further, if the order of alternating component meets the desired accuracy, the converters model in P-GSSA method is defined by:
. . .
The state variable scan be constructed by Fourier coefficients in subinterval T n as follows:
Further, the piecewise mean state space vector can be defined in T n as:
If x(t) is a real signal, the q th Fourier series of x(t) can be divided into real and imaginary parts according to (19) . If the Fourier transform is applied to (24) and τ = t/T n or t = T n τ , then we get:
. . .,
In addition, the piecewise mean generalized state space vector can be defined by:
The following equation is obtained by the piecewise averaging method in each subinterval:
If (29) is substituted into (30), we have the following:
where (31)-(33) define the P-GSSA model.
C. PHYSICAL SIGNIFICANCE OF P-GSSA METHOD
The piecewise technique refines the model on a time scale to improve its accuracy. When the piecewise technique is combined with the GSSA method, there are two main functions. First, for electrical variables with a fixed frequency, a reasonable piecewise method can reduce the order of Fourier series in GSSA method so that the state variables can be reflected more accurately and directly. Second, for electrical variables with variable frequency, the characteristics of frequency changes can be reflected by a reasonable piecewise method, and then the characteristics of system changes can also be reflected.
Here, the P-GSSA method is used to simulate the power converters in steady state and transient operating conditions, and the multi-timescale simulation is realized as well. In steady state condition, the switching cycles where the converter duty cycle and switch behavior can be considered as ''near-cycles'' are combined in a piecewise time segmentation. In transient condition, a single switching cycle is taken as a basic piecewise time segmentation as far as possible. Generally, the piecewise time segmentation is a single switching cycle in a transient condition and no more than three switching cycles in steady state condition. The efficiency of model simulation is improved obviously by P-GSSA method.
The segmentation generalized state space averaging method is the embodiment of ''frequency conversion''. For a switching frequency of 10 kHz, the switching period is 0.1 µs . In the reasonable segmentation, a segmentation time of 2 cycles can still ensure correctness of model simulation results; thus, time segmentation time is 0.2 µs, which is equivalent to the cycle of 0.2 µs when switching frequency VOLUME 7, 2019 is 5 kHz. Using the method shown in Figure. 2, a dynamic ''frequency conversion'' can be realized, which improves simulation efficiency of the model.
D. METHOD TO REALIZE P-GSSA METHOD AND ERROR ANALYSIS OF P-GSSA METHOD
The basic step of the P-GSSA method is to obtain the piecewise time, and then apply Fourier transform to state variables, and calculate model equations in the corresponding piecewise time for required error range. It is important to know whether there is a mistake in the P-GSSA model, and it is essential to obtain the model error. The basic method to realize the Figure. 3, and the error analysis depicted in the blue frame is part of P-GSSA model simulation.
P-GSSA model is depicted in
In the simulation program, the piecewise time is adjusted according to error analysis depicted in the blue frame.
The key progress in error analysis of P-GSSA is to ensure the order of Fourier series of state variables according to different accuracy and piecewise time interval. As shown in Figure. 3, at instant t ∈ T n , we should enlarge the order of Fourier series of state variables if the desired accuracy is not achieved, and then recalculate the approximate error and relative error. The relative error is defined by:
The error analysis of the P-GSSA is according to the relative errorō and relative error range ε 2 . An extreme case is when the order of state variables Fourier series is high enough, but the desired accuracy is still not satisfied.
Generally, the order of state variables Fourier series is less than 10.
IV. EXAMPLE OF VERIFICATION AND DISCUSSION

A. EXAMPLE OF A THREE-PHASE PWM DC/AC CONVERTER 1) INFLUENCE OF SWITCHING FREQUENCY ON MODEL IN STEADY STATE CONDITION
As already mentioned, the P-GSSA model is based on the frequency transformation method of GSSA. Therefore, in the steady-state condition, the switching frequency is equivalent to the lower frequency because of piecewise and equivalent method. The following simulation scheme was designed to study the influence of switching frequency on the model in steady state condition.
The topology and parameters of the converter tested here are shown in Appendix A. The simulation time was 0.2 s, and simulation integral step size was 1/100 of the switching period. Further, the switching frequency was set to 1 kHz, 2 kHz, 5 kHz and 10 kHz, respectively, and the corresponding simulation steps were 10 µs, 5 µs, 2 µs, and 1 µs, respectively.
The state variable of the P-GSSA model was x P , and the state variable of the detailed model was x D . The maximum of relative errors of the P-GSSA model and the detailed model was taken as a model error. The number of piecewise time intervals and model error in steady state condition for different switching frequencies is shown in Table 1 . As is depicted in Figure. 4, both the P-GSSA model and the detailed model waveforms of inductor of phase A are sinusoidal and the P-GSSA model can reflected the steady state characteristics of the converter in Fig. A1 well. Even though there are some slight errors between P-GSSA and detailed model in the local amplification of waveforms, the required accuracy of P-GSSA model is achieved.
2) INFLUENCE OF SWITCHING FREQUENCY ON MODEL IN ELECTROMAGNETIC TRANSIENT STATE CONDITION
The simulation time was 0.2 s. The electromagnetic condition was represented by the grid voltage amplitude drop from 0.4 kV to 0.15 kV at 0.21 s, and its returns to 0.4 kV at 0.26 s. The switching frequency was set to 1 kHz, 2 kHz, 5 kHz, and 10 kHz, respectively, and the simulation integral step size was 1/100 of the corresponding switching period. The single piecewise time interval was no longer than one single switching period. The number of piecewise time intervals and model error in electromagnetic transient condition for different switching frequencies is shown in Table 2 .
As is depicted in Figure. 5, the waveforms changes of the P-GSSA model were similar to the detailed model in the transient electromagnetic progress from 0.21 s to 0.26 s. In the local amplification of the waveform, it was shown that each piecewise segment contained several switching periods in the steady state, but only one switching period in the electromagnetic transient progress. Due to the transient operating conditions, the inductor current I a declined at the end of the first system cycle, while it could be the same as at the beginning of the cycle in the steady state condition. Furthermore, the maximum of relative error occurred in the transient progress.
B. EXAMPLE OF A PHOTOVOLTAIC SYSTEM
As a typical renewable energy system, the photovoltaic (PV) system is tested in order to verify the applicability of P-GSSA model proposed in this article. A low voltage ride through (LVRT) condition is set as follows.
The P-GSSA model of converter in PV system is constructed under Simulink environment. A three phase short fault occurs at 0.2s in simulation, and the gird voltage drop depth is 70% (from 100% to 30%), while the harmonics and high-frequency components of grid current is injected into the PV system. The DC voltage and grid-connected current waveforms are shown in Fig. 6 before and after the LVRT control strategy based on injection reactive power is adopted during a symmetric fault.
The simulation results obtained when the three-phase short fault occurs at 0.2s and finish at 0.35s. Figure 6 is with no LVRT control strategy. When a symmetrical short-circuit fault occurs on the grid side, the DC voltage rises to about 1.1 times of the rated voltage in a short time because the output power of the PV is greater than the power of the inverter injecting to the grid., Then the DC voltage gradually recovers to its rated value as the difference between the power of the PV and the system decreases. During this period, the grid-connected current increase to 2.5 times of the rated current. When the grid fault is cut off, since the output power of the PV is less than the power of the inverter injecting to the grid, the DC voltage drops to about 0.7 times of the rated value in a short time. As the system power reaches equilibrium, the DC voltage tends to the rated value. During the fault, the grid-connected current is too large and there are great security risks in the system. Figure 7 is with LVRT control strategy based on injection reactive power. When the LVRT control strategy is adopted based on injection reactive power in the system, there is a small gap between the power of the inverter injecting to the grid and the output power of the PV, so that the DC bus voltage rises to about 1.15 times of the rated value and becomes stable. The amplitude of grid-connected current during the fault is effectively controlled between 0.9-1.1 times of the rated value.
It is clear that the P-GSSA model proposed can depicted the characteristic of the transient progress in PV system as the detailed model, no matter with LVRT control strategy or not. The error of P-GSSA model is less than 5% and can be improved if the piecewise segment increases.
C. EFFICIENCY ANALYSIS OF P-GSSA MODEL
The consumed time of the model is mainly determined by the calculation steps in the simulation. For the detailed model, the calculation steps are decided by solving the differential equations in the simulation. For the P-GSSA model, the calculation mainly includes two parts: solving the differential equations and obtaining the piecewise segments.
The efficiency of model reflects in the consumed time, and the consumed time is recorded in the simulation. The simulation time of the model presented in Figure 8 was 3 seconds, the consumed time of detailed model and P-GSSA model are shown in Table 3 .
The comparison of the consumed time of different model simulations shows that the P-GSSA model obviously improved the simulation efficiency under the premise of ensuring the accuracy, and the improvement of simulations time-consuming was over 20%. When the P-GSSA model was used for electromagnetic transient simulation of a large-scale photovoltaic grid-connected, the efficiency improvement was more apparent.
V. CONCLUSION
In this paper, the P-GSSA model of PWM converter is proposed and established based on a piecewise generalized state-space averaging method. The simulation results of the proposed model indicate the following conclusions.
(1) The P-GSSA model established in this paper can accurately reflect the steady-state and transient characteristics (particularly under LVRT condition) of a converter in renewable energy system. The error analysis and determination of P-GSSA model are simple and precise.
(2) The P-GSSA model is suitable for the efficient simulation. Compared with the detailed model, the P-GSSA model improves the simulation efficiency while ensuring high accuracy. (3) The P-GSSA model combines the piecewise technique with the GSSA method, and a multiple time scale simulation of converters in different operation modes can be realized based on the P-GSSA model.
In this study, both averaging modeling and simulation theory of converters are extended, and the applicability of piecewise method and averaging method are given. Moreover, the foundation is set up for the future research on modeling and control of converters in electromagnetic transient progress, and fast simulation in electromagnetic transient progress where large-scale renewable energy connected to the grid is contained.
APPENDIX A
The topology of the three-phase PWM DC/AC converter used in this article is shown in Fig. 8 , and the parameters of the PWM DC/AC converter are presented in Table 4 .
